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Abstract. Enzyme-lipked immunosarbeat assays
(ELISAs) were developed for determination of N°-
benzyladenosine, NS.(mera-bydroxybenzyl)adenosine,
aad stwrucrurally related cytokinins. The use of the
ELISAs sllowed dotection over the range of 0.05-70

pmol for M-benzyladenine and 0,01-20 pmol for the

Né-{meso-hydroxybearylladenine cytokinins. Polyclonal
antibodies used in the assays were specific for M-
Senzyladenine and N®-(mera-hydroxybenzyl)adenins and
their cormesponding N’-substimted derivatives. By the
use of internal standardizadon, dilution assiys, authende

[2-*H]cytokinin recovery markers, and jfnmunohisio- -

grams, the ELISAs have been shawn. to be applicable for
the estimation of N°-benzyladenine and N°-(mera-
bydroxybeazyl)adanine-type cytwoloning in plant Hssues.
For thc malysis of cytakining in the ussues of young
poplar leaves and Solanum (eratoma sheot culwre, the
exzacts were fractiopated by high peformancs liquid
chromatography (HFPLC) and the fractions analyzed by
ELISAs. Immunchistogram ELISA analysis of fractions
from different HFLC systems indicated major pesks of
imnunarcactivity co-chrematographing with the labeled
and unlabeled standards of NS-benzyladecing, N®-mera-
hydroxybenzyl)adenine, and their M-glycasides in these
tasles.

Xey Words. N9 Benzyladenosine—Cytokinins—
Enzyme immuaoassay——NS-(mera-Hydroxybeazyl)
adenosine—Populus X Robusia lesves—Iolanum shoots
{ansformed and normpal plants)

Abdreviatioms: ELISA, czyme-lioked immunoscbent agsay; TW,
fresh walght (MOHD{9R)BADR, NS-{mem-hydroxybenayljudadosing
HPLC, high performance lquid chroontegraphy: TBS. Trs-baff-
cred saline: TEAA, micthylummesiom acetals; (IR]BAP, A%-beas
zyladedosine,
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For the major groups of nauwally occwring cytokitins,
polyclonal and monoclonal antibodizz of high quelity
bave been developed (see Weiler 1984, Sunad <t al,
1992a). Cnly a few studies have beea carried out with
cylokinins bearing an aromatic ring as the side <hain.
Constanunidau et al, (1978) dascribed the production and
immupolegic characteristics of an antisarum agafnst vé-
benzyladenosinse, 1 synthetic cytokinin, which has al-
ready bees identified In an old Pimpinella aniswn call
culare (Brnst ot al. 1983b) and Solgnum crown gall W-
mors Nandi et al. 1989a). For analysis of synthetic N5
benzyladepine levels in plamc tissue culrures, several
warkers have used the antibodies against isopentenyl-
adencsine, which are known to cross-resct sgongly with
[SRIBAP-type cytokining (Emst et al, 1983b, Vaiikovi et
al. 1987, Label and Sota 1988). We bave alraady de-
scribed an ELISA based on antibodies specific for
NS(ortho-hiydroxybenzyl)adenosine, an aramatc cytaki-
nim present at very high endogenous levals in Populus x
Robusra leaves (Supad et al, 1992b). In this paper 1
report the development of the enzyme immunoassays
for detection 3nd quantificadion of NS-benzylsdeno-
sine ([9R)BAP). N®-(mera-hydroxybenzyl)adenosine
(mOH)[PRIBAF), and related compounds. Using the
ELISAs 1o conjuncdon with differest reversed phase
HPLC separadons, it was possible to deect scveral im-
muaoreactive. compounds cocluting with authentc la-
beled and unlabeled standurds of aromastlc cytokinins in
young poplar leaves (Populus % canadensis Moech,, cv.
Robusta) and terstoma shoot culture derived from
Solanum leaf discs wansformed by T-DNA geoe 4 (ip).

Macerials and Methods
Chemicals and Reagents

Utlabeled cytokining ware from Apex Organics Laleessar, UK); iso-
pencenylsdenonine. igopentenyladentne, zeatin, wmtn rboside, diky-
&ozautn; dikydmzeadn ridoside, kinetn, N-benzyladenceinc, Vé-
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bemzyladening, and NNV’ -diphenylures were fomt Sigma (St Louig,
MO, USA): N (hvdroxybeoxyl)adeniass and Goir rbosides ware
Kindly sapplied by Dr. Tomsd VanZk, Institute of Qegamic Chemis.
w7y and Blochomistry, Prague. N <ertAo-Hydroxybaazylamina)-¥v*-
B-p-glucopyrascsylpurine, N*-(mera-Rydroxybenzylamina)-N®-
8-p-glucopyraacsylpurine. N%-[2.'H]benzyladeaine, N*-{2-3H]
baaayladenasiae. MN4-12-"H](meza-hydroxydenzyiladeging, aod MU-
[2-"H](mara-hydroxybenzyiindeaosine (specific activity approimasely
{.0 TBq- mmol™) wers synthesized by Dr. J. Harwj, leotopie Labo-
ratry, Inguaite pf Experimenfal Bowny, Pragus, by an uspublished
method. Befare use foc syndicses, amalyses, ind crosa-ressdvity wiugd-
g, Be punity of igbeled ind unlibelad cywkining was checked by
HPLC. Alkuline phosphaiase for cnzyme (mtiwiosszsay (2,500
walts - mg~!) aud p-nitropheaylphosphate were from Bochringer
(Vanobeira, PROY: scatenims for chromapniphy was from Merek
(Darvsesde, FRGY: Tris. hoviae serum albumin, and afd phospbatase
(0.4 uniz - mg™') weze from Sigmu. DEAE~2luiose, a reversed phase
column (Separan SGX Q) 20d C;, cartridges were Fom Tessek
(Praguz, Cz2ech rRapub].l.::). All ether chemicals were obtzined from
Lacheraa (Bmo, Caech Republic),

Plants

The growing loaves of poglar (P. x canasionsis Mocnch., ev. Robusia),
coliectad from the ficld on June 10, were used for cymicain walysis.
Tho firs four young leaves without pedgles were out just | h after
daybresk, dropped immedistely into Lgud niwogen, snd extracied.
Potato shoals (Solanum tuberoswm L., v, Orab) growa on Miuraahige
aad Skoog (1962) medium widhout cytakinin wers elther aontrol plants
of teraimma shoots (clone 1). Clobe | was selected affer dunsiorrpason
af Solarum lcat’ discs by pTi €58 T-DINA gene 4 (ip0 snd formed
mazz-like @rztanas (OndXej ot wh. 1990). The shooty were collected 4
weeks after subcwltivation and then aichar eafracted or stored at =70°C
und] use,

Immunologic Reazents

N°-Banzyladenosine aad Vé.(meta-hydroxybenzyl)adencsine were
ooupled {0 bovine scrum albomin by a medification af the methad of
Eslanger and Beiger (1964), Qytokdndn (30 wmo)) was dissolved ia &
saludon of 200 Wl of dimetsyl sulfoxide and 2 1l of bidistlled water,
and 2 mL of 0.03 m NalQ, soiulca (60 jmol) was added dropwise
over 3 periad of S mine The soludon was sémed for 15 min in tho dark
ot room ampearururs. The excestive periodsm wat destroyed by adding
15 pl of 1.8 M ethylane glycol (30 umol). Aler S min tho rmotlion
mixrure was edded @ portons af SO wl o hovine setam slbumin
dissoived (n carbouuts buffer (10 ram X, CO,, 10 mu BHCO,, pH 9.6).
Tho solutian was atirred a2 4°C for 60 min {n the absence of light
During ¢is period the pH was kept belwesn 9.3 snd 9.5 with 5%
K,CO; Tha conjugams wem stabilized overnight at4'C with an excass
of NaBH, (5 mg. 132 jumol), then dialysed against § x 3 liemy of
phosphare-bufered saline (30 M, NaHPO,, 415 M NaCl 0.4 ¢ liwer
NaNy, pé 7.4), lyophilized, snd sored o ~20°C, Prom he UV speeaa
of the conjugama & covpling raria of 9 mol of (MOH)(SRIBAP aod 7
mol of (IRIBAP/Gcl of bevine scoum. albummin was daxTmincd. The
immunzasion sshedule sad purificadon of mmtibodies yre devcrided in
dernil in owr paeviaus pspers (Sumad e al, 1990, 19928).

Exiraction and Purificasion of Cytokinins from
Plan: Tissues

The wocadure for tssue exuzction and puridicaton i 4 modifiaation
of the acthod described previcusly by MacDonald ot ai (1981),
Frozen plast pr3ucs were ground 19 3 Sne powder undar Squid afro-
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gen. The powder was divided Ut ture dliguats carmesponding © 2 g
{roch woight (FW), Bach aliguot wag exwaewed in {ce-cold §0%
methanol(10 mL - g~} FW) eonalnlng sodivm dicthyldithiocuarbamate
W acdoxidaar (400 pg- g FW), About 420 Bq (25,000 dpm) of

{2 HI(mOR)(SRIBAP, [ °H]{9R]BAP. and carrcsponding witmed

freo bases wers addcd to tha exmructs W moniter for losscy duzing
purification steps ind 1o validaw the chromatographic daz, Afor 3 2-b
exacdon, the homogenae was cmtifiged (15,000 x g. 4°C) and
pellas reexmaciod e same way. The comblned extraces were concons
wsted w approximately 1.0 mL by rotary cvaponation noder vesuum ul
35°C. The saropley were diluted w0 20 ml Wi amunotiium a<eics
BUSfer (40 mut. pH 6.5) contatning sodiomn diechyldithiocartarmat (3
mM) 0d thoa incubaed with wheat geem aeid phosphatage (0.05
units« mL ™'} for 30 min in the dark (25°C) w depbospborylae ¢ywn
kindn 5'-phosphases. Par the immunoassay dilution analysis, the 2~ml
eluares wems dried in vocdo and redivsolved in Tris-bulfared saline
(TBS, 50 mum Trs, 10 mm NaCL | mu MgCL, pH 7.5), Aliquets of
these snictions wero either snalyzad la scrial diludons or mixed wich
xnown wmounts of cytokinin standards aod tien analyxed by ELISA.

The extracts wese puritied using 3 comdined DEAB-celluicso (1.0 x
5.0 em)octadeoylsilica (0,3 x 1.5 em) column a3 descrided ia Mac-
Douald et al. (1981). Cytaidning wers loaded onto u reversed phase Cyg

¢alamn carridge tar was then waahed withh 10 mL of HoO and slutsd -

in 7 mL of 70% (vA~) methanol i afethylammonium scetale Duffes
(TEAA, 40 mx, pH 3.35), The oluares wum evaperned to dryness,
disgolved in 0.5 mL of 70% methapsl (n TRAA (7:3 v/v). snd filoged
through o Millipoce flter (0,22 pm).

High Performance Liquid Chromatography

The squipmaent conslatad of a Spectrs Phyzics SP 8800 solvent delivery
syatern coupled %o aa SP {00 U'Vomis datactor and SP 4300 compuring
wnmgrator, The injsclion wag performed by u Rbeodyns 7010 [njection
loop (100 wL). Two differenst gradient systome on o Sepuen SGX C,,
columa (350 x 4 mm lancr dgmetsr, 7 um partcle sive; Tessek) were
used to separare dilferent aromads oytakinins, In syrem [ solvent A
was 20% mathanel In TEAA buffer (YN, 40 mm, pH 3.35); sobvenc B
80% metieas! in 40 mM acetic scid (vv, pH 3.65), Inidal conditons
ware 90% A, (0% B: then a lincar gradient to 60%A, 40% B 1t 1S min}
« lincar gradient © 40% A, 50% B 1t 24 min; 100% medwunol for 10
aua (colwna wagh); aod V% A, 10% B 1t 10 nvn (regenorstion). The
flow max wis 1.0 ml/min, In systom 1L, the column was slwted st 1.2
rmlJmin with oetonitdle and TEAA buffer (40 mx, pH 1.35) accard-
ing ta the following gradient profila: O min of $% scctanicilc, 10 mia
af 7%, 30 min of 10%, 40 miz of 5%, 50 min of 14%, 10 min of 100%
(washing), Timed fractons (0.5 min) wers coliceted by 3 FRAC 100
fracdon.collestor (Phatmasla, Uppsalw Sweden), dried in vacuo, and
redissolved in 400 WL of TBS aduffer. Fifty-ul aliquots werr lovesd-
gated w duplicate by scinnillagon counting and BLISA. The woacant of

mdividual cytokinink in the yppropeiate Immunareactive Sacdoas was -

asseused using 3 serfes of different ELISA3 jneluding dilutdon and
eyl yrandardization (Weilar (982, Badenoch-Joaes et 1l 1984).

Engyme-linied Immunosorbexs Assay (ELISA)

The assays were performed using 3 modificadon of the ELISA protecol
descrided by Wetler et al. (1981). The microdter plates (Gatma, Cecke
Bud&javice, Czech Republic) wers coated with 150 ul. of rabbit anti-
[PRIBAF or ant<mOH)[SR)BAP antbodies (5 ug:mL™ 50 mu
NaHCO;, pH 9.6). The wolls weys washed with distlled wacer, filled
with 200 uL of bovine werum albumin soluton (0.04 g-L™'), and
incubated for 1 h at 25°C, Afer decsndng and two waghas with diz-
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Table L Asely prameters of N-banzyldanesine aad M-(meta-hydraxybenzylladenodne e~

ZYme IQmUnoassay.

Parameter (SRTBAP assay (mOH)(IR]BAP wrany
Amaun? of uacar/ansay Sng 27z

Unsperific binding 35% 2% . ...
Defectioa Lnit 76 fmal, 37 pg 19 £mal, 7 pg

Linear avennge of lagitlog plot 0.05~70 gmol 0.01-20 pmol
Midrange (30% tindiog) {3 pomal, 054 2g 0.5 proa, 150 pg
Inwugsnay vanancs®, 42% 3.5%

Intecasyoy vasaace® 5.8% 4.1%

“ Eight rplicares.
® Twenty assays.

. tlled HaO, the wells wers illled in the fallowing sequence: 50 pl of
TBS, 50 pL of standard ar sample s TBS, and 50 L of cymkmia-
alkalice phasphatase macer diluwed in TBS-bovide carum albomin

buffcr (0.04 g« L"), Nasapecific Mading was determingd by adding an -

excesy (200 pmal) of cylokinin standard; for maximam Tscer Badias,
TBS was used instead of smndard. Afir 1 min of siaking, the plamy
were incubatad for | h a2 25°C. Tha decansed platns were then washed
four tmes with TBS und Glled immediamly with 150 uL of 3 o~
nuwephenylpbosphax sotudon (1 mg * mL™" 50 mst NaCO,, pH 5.6).

The reaction Wit stopped after 2 1-b incabapon af 23°C by addiog SO

ul of 58 KOH und the absorbance measured ot 405 num (n a Tierwk
Multleem MCC 340 (Flow Labaraverics, Irvine, UK). A Wia-Cale
compurer progrum (K8, Bromma, Swaden) was used fer 2158y evalu-
acion and camputation of resulu, Sigracidal curves for standards, eroas-
rBacting compounds, and dilutior asalysis wers linearized by log-logit
wanstermation a8 follows (Weiler 1980): lagit 8/8, = la [(3/B. (100
- B18y)) (sec inserz, FBiy. 1),

The cywkinin value obmined by tha BLISA of the fracticn(s) con-
qining 2-*1-labeled cytwkinia was comrecred by the appropriaw cruss-
reactivity and recovery values 1o obtaln stimates of cytakinia levels in
plaac dssuc (expressed 23 (9RIPAP ar (mOH)(SRIBAP equivajent). If
dicre was say spread of radieactiviry imo o second Saetdon, the cyto-
kinin conans was estimated (rom e fractionx caatiniag radleazdvicy,
Levals of M.glucosides were calewlated from {mmupsactvicy (in the
approprate ELISA) of fmctdan(y) callectod a2 s reteauaes dme of
swtheode smadards and on e agsumpdon dur recovesy for thess cy-
tokining Wag saMe 88 the rescvery of 2-°H-labeled ibogides.

Results
Assay Characrerisrics

All immunized rabbits produced antisers (o the cytokinin
conjugates, but serum tiers differed considerably and
raflected the reaction of the individual asimal. Becauss
of it hugh selecuvily characteristics, annibody 474 spe-
cific for [9RIBAP and antibody 754 specific for
(mOH)(9R]BAP were selscted and used routnely for
Sytokinin analysis, Same of the assay parumcters are
summarized in Table 1. The mean stundard curves and
eir lop/logit plots are shewn in Fig. 1. The dilutons of
anusers required W give 50% binding of an appropriate
2-*H-labeled cytokinin weze 1:28,000 aad 1:150,000 for
[SRIBAP and (mOH){IR]BAP, respeciively. As limde as

76 fmol of (9R]JBAP and 19 fmol of (MOH)[SR]BAP
could be detectad by the ELISAz. Within the measuring
range, the standard curves wore almost linear over 3
orders of magpitude with small inter- and f{aoraassay
varlation. .

The sperificity of antibodiss was determined by cross-
reactivity studles, and the results arc shown in Table 2.
The compounds were tested for antibody binding over a
range from 0.01 up to 5,000 pmol/assay. Data for cyte-
kinios and related compounds preducing melar cross-
reactvities lower tan 0.019 are not shown, namely, no
cross-reactivity was found for adenine, adenosine, adea-
osine 3'-monophosphate, inosine, N N'-diphenylures,
zeatin 7-glucoside, dihydrozeatin 7-glucoside, dihy-
drozeatin 9-glucoside, snd O-glucosides of zeadn and
dihydrozedann even when tested in amounts up w 5,000
pmol/assay, Other namural isoprenoid cytokinins such as
Zeatn, zeatin ribogide, zcatin 9-glucoside, z=atin ribaside
5'-monophosphale, cis-2eann, cis-zeatin ribeside, dihy-
drozeatln. and dibhydrozeztin riboside showed at most
only slight cross—reactiviry, la additdon to the ntoside,
the anubodies cross-reacted strongly with reypectve free
bascs, ribeside S’-moacphosphates, and M -glucosides.
The depes of the log/logit transfarmasion of all A°-

substituted derivatives wers similar 1o the standard

curves. of [SR]BAP and (mOH)(SR]BAP, respecdvely
(data not shown). : ‘

Surprisingly, there was a very low level of compeddon
by Né-benzyladenine, N%(ortho-hydroxybenzyladenine,
and their M-glycosides for antibodies raised against
mera-derivative. Thus, the pasition of the hydroxy! group
on the benzyl ring is a crucial factor for antibody recog-
altion. As expected, the anti-[9R]BAP antibodics were
reactive with isopeatenyladenine, kinetin, and their
N°-glycosides becausa of the spolar side chain of the
original antigen. Interestingly, this antbody also bound
appreciably benryladenine 3-glucosids and N°-(mera-
hydroxybenzyl)adenine and ity M-subsdtuted deriva-
tives. In consequencs, by replacing of {SRIBAP with
(mOH)[9R|BAP tracer, the assay is also suitadle for
[9R)BAP analysis.

e e o e
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Flg. 1. Typical standard curves vbwined for [JRIBAP and
UnOH){9RIBAP ELISA4 aud Unairized logivlog plot of thr sama dar
(inget). Bars indicats standard dsviston of dupliensns (x = 20); & and
By repregent dinding of alsaline phosphatsa tacal in the presence and
absence of (IRIBAP and (mQID(SR]BAP, rcepectvely,

Validation of the EL{SAs

Validadion of assay performance af dlffercnz puwrification
steps was carried out W assess the reliability of the
ELISAs. Details for one of the sampled (P. x Robusta)
are shown In Fig. 2. When serially diluted crude cxacts
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were analyzed by ELISA, parsllal curves were always
obrained (Fig. 2), suggesting thar these samples did not
contain substances interfering with the assays. When ac-
tvity was detected in HPLC fractions that wers 383aycd
4t more than one dilution, the dilution curves were alsc

panalle{ o the standard curves (Fig. 2). Similarly, the

recoveries of {nternal standards added to the crude and
HPLC-purified extracts were found to produce satisfuc-
tory parallel liges (Fig. 2). Aceurate quandfication of the
cytokinins in plant extracts was performed by ELISA of
HPLC-purified extracts in cogjunction with recoveries of
internal radiolabeled standards. Recoveries of 83% for

. [2-°H)(mOH){SRIBAP apd 76% for [2-’H][9RIBAP

were obtained, whereas the recoveries of corresponding
free bascs were 58 and 63%, respectively, Tritum-
labeled cytokining used in.this study proved also to have
a useful applicarion in Ioca.:mg the HPLC fractioas cog~
taining immunoresctive’ cytakinins. Thus, any possible
spread of the immunosetlvity into neighboring fractions
could be detected and sccounted for, based on these re-
covery markers.

Immunoderection and Quantificanon of Cytoldnlns in
Plant Extracts

The broad specificity of the ancibodies for N
substituents of aromatic cywakinin allowed these forms to
be quantified together with those for which the assays
weys daveloped. This was achicved by scpsradng all
CTos3-reactve compouads using two difterent HPLC gys-
tems on Cie Separon SGX C,y column (Fig. 3). This
column is unique Ip rhat it separsles cywkining in meth-
anolic zradient (syswem A) according to their spparent
hydrophabicity; but when separated in systemn B (3c=ta-
nimle-TSAA buffer as 2 salveat), the N?-slucasides
aluted first fellowed by the iroe bases, and the nibosides
were retained most strongly among their comespoading
M.qubstituted derfvatives (Fig. 3B8). Furthermore, thero
was a zood separation of aromatle cytakinins from iso-
prenoid ones (sse Stmad et al. 1990, Jones ot al. 1996),
However, the batch-to-bath variability in the stationary
phase was quite high,

Assay of HPLC-purifled extract of P. x Rodwra
leaves wich the EILISA for (mOH){9R]BAP dectecled
cross-reactive compaunds coeluting with those of au-
thentic and labeled (mOH)[SRIBAP and it frec base
(Fig. 4). The values obtained from two HPLC systems of
the three duplicatc cstimates were 20.8 + 3.4 agd 7.2 =
0.9 pmol - g™t FW, respectively, ELISA using and-
(SRIBAP sntihodies revealed peaks corresponding 1w N°-
Benzyladeaosine (0.68 & 0.12 pmol - g" FW) and N°%-
benzyladenine (0.31 = 0.09 pmol * g™! FW). In addidan,
the ano~[SR]BAP antibodiss cross-reacted with a com-
pouand that in.the methanolic gradient bad 2 retexicn
ume of 13.8 min (Fig. 4). It was deduced to be
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Table 2. Molar Goas-reactvitics of virdous cylokining with N%.benzyladenorine md N*-fmeta-
hydrerybenzy Dudenotine amdbodies. Daw prescamd arc expreased as the percentags rutia of
molar concantration af [SRIBAP of MO {SRIBAP xud compadior giving 50% diading.

Croas-reactinily (%)

Ang-(SR]JBAP Acti<mOR[SRIBAP
Né_Benzylsdenosine 100 0.07
N-Benzyladenine T2.2 0.05
N4 Benzyladenine 3-glucotids 233 <0.01
N*-Benzyladenina Teglucosids 0.1 <001
N®-Beuzyladcning 9-glucoside 73.5 0.05
N°-Benzyladeunsine 5'-monophosphar 6 0.08
M- (mesroHydroxybenzyl)adanosine 6.8 100
N*<meta-Hydroxy benayl)adenins a3 43.4
N-(mesartlydroxybeazyl)adinine S-yiucaside 4.7 68.7
NO-(artho-Ryrdrexybemyadincsioe a0d 0.06
M-(orrboﬁyth‘uxybazyl)mhninu <Q.01 0.03
N*+(orthe-Rydroxybenzyideninc $-rlucoside 0,01 0.04
Zoatin dteside ‘ .07 <0.01
, Zeaun Q.05 <0.0}
Zeasrn 9-glucosida Q.06 <0.01
Zzatin ribostds §' momphoxphm: 0.0 <0.01
cie-Zcadn riboside 0.09 <0.01
of-Zeaun ; 0.06 «0.01
Dihydrozzatin riboside | 0.09 <0.01
Dihydrozsata ! 004 <0.0L
Dihydrozcacn riboside S’-mmphos‘pb;\m 0.03 <1.01
Tsopemonyladenine l 233 <0.01
Liocpentenyladaning 9~$(u:und: 1.2 <0.01
Lsopentenyladenodne 5 ’-monogha;phnx 212 <6.0)
Kinedin riboside 253 <0.41
Kioetin , | 172 <0.01
:l ‘
(mOH)(9RIBAP becauss we dams fractiod pave a high Discussion

level of acuvity (n tbe (mOH)[9R]BAP assay. Idenity of
the peak was confirmed by coelution of authendc radios
active and immunoactive compound on ‘\dxcmscrb Cig
(Rainin} column and by mass spectomelry (Stmnd ot al.
1597). Furthermare, the amcunt of CmOH)[9R‘BAP
found after correction for crose-rcactivity (6.8% in
[SRIBAP assay) was appmz.mztdy the same as thst de-
termined in the sppropriate ELISA. :

Fig. 5 shows the immunohistograms of the cxracis
fom transfarmed and untransformed Sofanwn shoots
analy jzod by HFLC-ELISAs. Conrol poma shoots cul-
tivated ia vitro contsined amounts of [SR]BAP and
(mOH)[9RIBAP cyokinins wo low 1o detect by this
methad (detzcton limir 0.2 pmo] - g , whereas a
4-week-~old teratoma shoot culnure showed|considerably
higher levels of (mOK)[SR)BAP and bmzyladcnm:
9-glucoside (Fig, S, B and D). The peak tar elutad be-
fore benzyladenine 9-glucoside is almost cutmnly due o
the immunosdvity of (mOH)[PRIBAP in \‘-he [SRIBAP
a5y 28 deserided above, 6.3, it coeluted q RA retangion
tume of an authenfic standard (Jabeled and unlabeled),
and the tissue content (19.8 £ 1.7 pmol * g FW) calew-
lated fom its arogs-reactivity was similar ca that ab-
wined ia the (mOH)[9R]BAP ELISA (sce Fig. ).

i

!

847 968 4779

The ELISAs for M-benzyladenosine and NS-(meta-
bydroxybenzyladencsine described here bave a slightly
higher sensitivity thaa the immunocassays for iscprenoid
cytokinmins described previously (Hansen et al. 1984,
Barthe agd Stewart 1985, Cahill er al. 1986, Eberle et al.
1986). Cross-reacuvity daza revealed ther as for other
cytokinin antibodies (Wedler 1980, Badenoch-Jones et al.
1984, Tumbull and Hanke 1985) there Is a marked se-
lecdvity for features of the N®-side chain, e.g. the pres-
ence of a polar group and irs positdon on the side chain
but lack of specificity for N’-substituents (Stmad at al
1992a), The crossreactivities of amino acid conjugates
are unknown, but they may cross-reacy and thus presum-
ably couid be measured by ELISAs (Badenoch-Jones st
al. 1987h). The binding of benzyladenine 7-gluceside o
ani-(SR]BAP antibodics, as axpected, was low (see Bad-
enach-Jones et al, 1984), but the 3-glucdgide was hipghly
immunocactive. Unforfunately, meta-hydroxybenzyiad-
taine 3-glucodide wis not avellable for wsdog in e
corresponding assay. In general, other workers have not
determined the crosy-reacyvity of their antibodies with
3-glucosides, bur the antiserum against isopenteaylad-
eacsie developed by Weller and Spanier (1981) was

2 G’O{'b
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Fig. 3. Vuidation of the ELISA dam for [SRIBAP (right) and
OROH)(SRIBAP (eft). A and B, logic transformation of ELISA stan-
dard curves (x) and dllution cusves of cruds extract (O) znd HPLC
fractions cemuining cowesponding eycokinia (V).C and D, {nagoal

reported to show high cross-rzactivity with benzylad-
enine 3-glucaside. The antibodics raised aganst hydrox-
-¥lated benzyladenines are highly specific for he N5
" substitucnt (Stnad et 4. 1992b), less so in the zave of
andbodies to [IR)BAP. As with the anrbodies against
isopentenylsdenosine (Emst et al, 19833, Soma et al,
1937) the antibedles against [SR)BAP showed moderata
ross-reactivity against cyrokinins bearing an apolar A%
side chain such ss kinetin, isopentenyladanine, and their
N’-substitutad derivatives. The reasons for the high
ross-reactivity of mera-hydroxybenzyladenines are got
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3 fixed amount (50 ul) of crude (O ae HPLC-purifisd (V) axearand
cempariton with e culibewrloa line (x). Logit B/By = In((B/8 Y
(100 - B/8,)].

yet clear. However, the same degree of €XOss-reactivity
toward (mOH)BAP-type cytokining was obtained with
ant~[9R]BAP antibodies rajsed against 5'-hemisuccinyl
apd 2' 3'-acetyl [9R]BAP dcrivatives (Siglsrovi and
Sernad 1996, unpublished), The quastion arisag as ro
whether the benzyl ring of (9R]BAP in the antigen might
not have boen specifically hydroxylated in the mefo-
position during immuaization. ‘

To deronsirate the applicability of the assays for the
analysis of (SR]IBAP and (mOM)[9R]BAP, young paplar
leaves (P. x canadensiz Moech., cv, Robusta) and trans-
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Enzyme lmmunosssays for Two Ararnate Cyokising

Absarbagee 2468 nm (AU}

o 1© 20 30 10 50
HPLC rotentdon fime (min)

Fig. 3. Roversed pbase HPLC sepamdan of anamste cycakiam stan-
daxds, Column: 250 x 40 mm fmer diameter, 7 s Sspazon SGX Cyq!
detector a2 268 rm, Syvtem A: flow raw, 1.0 ml/min, gradient between
mathanel-TEAMA buffer (40 mu, pH 3.35) was O min 26%, 15 cuin 44%,
25 roin 56%. Sysiem B grudient botween acatonitile-TEAA buffer (40
M, pH 3.33) wus 0 win 5%, 10 min 7%, 30 min (0%, 40 min (5B,
50 min 14%. Peak numbers: 1, N5-(meta- Rydroxybenzyladenine

Y~glucegide; 2, N {urchosnydroxybenzyDadening 9-glusaside; 3, N°.
(mera-nydroxybeaaylludencsing 4, N-benxylsdsuine 9-glecoside; S,
N (meta-bydroxybensyDadenine: 6 N‘-Caara—hydmxybemyi)m
sipe; 7, M-{para-hydroxybenzylludenine; 8, N%-(ortho- -hydroxy-
benzylladenosine: 9, N®.(ortmo-nydroxybenzyl)adenine; 10, N°.
‘beazyladenasine; 11, M-benzyladenina

fosmed Solanum plaats known te contain sromatic cylo-
kinins (Horgan et al. 1973, Sauad &t al, 1992b, Naadi et
al. 1989s) were analyzed. Interference ig the assay by
other compounds in the extracts, as indicated by nonpar-
allelism of (e standard curve and sample dilution
curves, proved not 1o be a groblem for any sample, even
whea crude exTacts were gnalyzad by ELISAs, In sddi-
don, spiking with authentic standards for internal stau-
dardizalion of either crude extracss or HPLC fractions
conwaining immunoactive substances produced parailel
‘Uncs, a3 generally reported for cytokinin immunoassays -
(Weiler 1980, Badenoch-Joaes at al. 1984, Eberle et al
1986). Maoregver, HPLC immunciistegrams showed
single peaks of immuncreactvity cochromatographing
with e corresponding labeled and unlabeled srandards,
In spile of this evidenee supportag the validity of the
HPLC-ELISA, the idenrification of individual com-
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Fig, 4 Unmunodewection of arematic cymidning in MPLC-Gactionsted
eXTacn from young P, % caradensis Moench,, ¢V, Robusa leaves by
BLISAs for N°-beniyvladenosine (A) and N*-(mera-hydroxy-
benzyQadinosine (B), RPLC candiuons for separation of sromatic sy~
toldaing in methagolle grodient are a3 in Fig, 3a. Roteotion tmes of
2-*H-labeled standards ace indicatad by horfzoncal dary,

pounds in plant extracts by thc methad should be re-
gardad as tentative for the following three reasans. First,
the large number aof different cytokinins in extracts
makes it difficult to resalve them all unambiguously,
especially by collecting fractions. Second, retention
Hmey o HPLC are subjected 0 slight variation due 10
impurides in the extract, fluctuating teraperature, ctc.
Third, in some cases the levels of individual cytokining
can be extrernely high, leading. to appreciabie immuno-

‘resctivity even in ELISAs in winch such cempounds

shaw low cross-reactivity, [t has beep suggesred that the
immunodssays could be used in conjuncrion with appro-
priste systerns for cytokinia separaton (MacDonald etal
1981, Badenoch~Jones ot al. 1984). Clearly, it ig impor-
@ant to separate all cyrokinla mewbolites evan when

. cToés-reactivities are lower than 0.{%. For the samples

examined by [SR]JBAP EIISA in the prasent study, 2
rechromatographing the putative meta-hydroxy-
banzyladenioe-likes cyrokimos confirmed this (sec Fig.
4), Furthesmare, we have already detected very high V-
(ortho-hydroxybenzyladenosine levels (as much as 1.0

jJP\. |10
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5. Immunodetection of sromale cywidnins i HPLC-fractionuled
3 in unwamsformed (A and C) and tansformed (B xmd D) and
t3l0 shoots by T-DNA gene 4 (ipr) by ELISAs for N
Zyladanosine (A aad B) and MN*-(meta-hydroxybanzylladencsing

nLnoI g™ FW) in HPLC-purificd extracts either by ap-
priate assay (Stmnad et 3l. 1992b) or by ELISAs

T zeadn ridoside, dihydrazeatin riboside, isopentcay-
cnosing, Né-benzyladenosine, and Né-(mera-nydroxy-
l)adenosine (data oot shown). Immuncassays de-
Yeloped in the present study proved 1o have aseful
jpplication ia locating and cstimating the aromatic c¢yt-
inin-like substances in HPLC fractions. One method for
#chiev'mg this ip the presence of a high UV background
was based on cochromatography of (mmunoacave sub-
stances With authentic radiolabeled standards and had
jlready beem developed for estmation of isoprencid cy~
kinins (Badenoch-Jenes et al, 19873, Hocarr ot al
988). The additioa of 2-'H-labeled cyiokinins of
¢ highest acuvny avaijsble (approximstely 1.0
Bq *mamal™) to the extracts Tacilirated detection of the
unoactive fractions, giving befter resclution of com-«
ounds that alute cloge togsther, e.g., VS-banzyladesine
1sopentenylsdenine, as well as a measure of the per-
agage recovery of cach cytokinin afler purifieadon.
awographic precedures used do not gencrally re-

$olve these cywkining, and thus the immunocacdvity at-
ibursd to isopentenylademine apnd related darivatives

iu.s ‘ 18
| 10
: e
¥ s
i
|

Fatianiy Palasiato T e T 2e

HPLC mbontivn tme (min}

(C and D), HPLL conditiens for separation of aomads ayteidning o
mathanolip gradieat are as in Fig. 3a Reemion tmes of authemis and
3-H-lsbeled 3tandards ure indicacad by horizontal bars.

could ig some cases num out ta be dus W the presence of
Né-benzyladenine.like substances (Nandi et al. 1589b).
HPLC-ELISAs of exmacs of teratoms shoot culture de-
rved irom wansformed Solanwm leaf discz by T-DNA
gene 4 (ip!) indicated that the Meh endogenous levels of
NS-benzyladenine- {ype cytokinins found {n crown galls
(Nandi ct al. 1989a) agd teratoma shoot culaus (present
study) are probably induced by elevated levels of iso-
prenieid cytokining (see Cndie) et al. 1990) rather than
syntheuzed by enzymes encoded jn T-DNA. T-DNA
gene 4 lavolved in the producdon of isoprenoid cytoki-
nins may well interfers with wild-type biosynthesc path-
ways of aromatic cywkinins. Furthermore, it has been
postulated that cyrokinins induce their own synthesis
whes present ar higher than threshold concrnfratien
(Meins and Hensen 1985). The effects of exogenous cy-
tokinins cu the accumulation of «ndogenous zestin acd
2eatin riboside which would support this hypothesis have
baen reparted (Mck'at al. (982, Vasikovd et al. 1987),
Thus, the data cbtained in the present seady indicats thac
an increase in isoprenoid cytokinin levels due to Tans-
genesis by T-DNA gene 4 can induce an increase in the
{svel of gromatic cytokinins in plaat cells. The idennty of
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the aramalic eytokinins of potaro wansformants is under
investgatian,

The presence of putative N°-(meza-hydroxybenzyl)ad-
enine cytoldning in P. X Robusta leaves was confirmed
by g8s chromatography-mass specoomeny (Stmad ctal
1997), but the identification of endogenous A®-
benzyladenine in this dssuc i3 sdll in progress. The un-
ambiguols ideatficadon of aromatic cytakinips znd
their dewction st appreciable levels (o marure paplar
leaves, fruits of Zamedeschia aethiopica (Chaves das
Neves and Pais 1980), an old anise cell culture (Ernst et
al. 1983b), and crown galls (Naadi et al, 1989b) clearly
showed that these cytokinins are present in cells that
have ceased cell division, Because of this they huve bsen
regarded as sencscence-retarding factors (Horgan et al,
1975). The relatvely low levsl of M-denzyladenosine
and its hydroxylated derivatves in growing P, x Robusia
feaves is ¢ loast copsistent with this idea.
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